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I.  Adaptations  to  environments  that  are  alternately 

DRY  AND  FLOODED. 

No  insect,  or  for  that  matter  any  other  animal,  appears  to  have  evolved  a 
membrane  that  is  at  once  permeable  to  oxygen  and  completely  impermeable 
to  water  vapour.  For  this  reason  any  environment  that  is  not  saturated 
presents  them  with  incompatible  demands:  their  cuticle  must  be  relatively 
impermeable  to  water  vapour  or  they  will  dry  up  when  the  moisture  of  the 
air  falls  below  that  of  their  tissues,  but  at  the  same  time  they  require  an 
immense  surface  area  that  is  permeable  to  satisfy  their  oxygen  requirements. 
Many  unicellular  plants  and  animals  are  able  to  survive  more  or  less  complete 
dehydration,  and  it  is  the  capacity  of  their  organization  to  survive  such 
dehydration  that  enables  them  successfully  to  invade  dry  environments. 
This  method  of  dealing  with  the  problem  has  been  secondarily  evolved  by 
comparatively  few  of  the  higher  animals,  but  these  include,  as  we  shall  see 
below,  several  kinds  of  Diptera. 

*  An  amplification,  of  an  Address  delivered  to  .The  Eighth  Congress  of  British 
Entomologists,  Leeds,  nth  July,  1953. 


210 


[September 


Insects  and  some  Arachnida  are  the  only  arthropods  that  have  dealt 
successfully  with  the  incompatible  demands  of  dry  environments.  The 
exposed  cuticle  is  water-proofed,  and  effectively  oxygen-proofed,  by  a 
continuous  wax  layer.  At  the  same  time  an  enormous  surface  area  freely 
permeable  to  both  oxygen  and  water  vapour  is  invaginated  and  forms 
tracheae  that  ramify  through  the  body.  The  air  in  the  tracheae  can  be 
kept  saturated  and  the  loss  of  water  can  be  reduced  to  manageable  proportions 
because  the  surface  area  of  the  spiracles  is  only  a  very  small  fraction  of  the 
total  surface  area  of  the  tracheae.  As  a  further  improvement,  most  insects 
have  an  apparatus  that  can  close  the  spiracles,  and  by  this  means  they  reduce 
the  loss  of  water  when  they  are  not  actively  taking  in  or  expelling  air.  Many 
insects,  especially  dipterous  larvae,  have  a  felt-like  matting  of  very  fine 
cuticular  processes  in  the  spiracular  atrium,  and  it  seems  likely  that  by 
stopping  tidal  movements  of  air  in  and  out  of  the  spiracles  this  felt  serves 
to  establish  a  humidity  gradient  that  reduces  the  amount  of  water  lost  by 
the  saturated  air  in  the  tracheae  to  the  drier  air  outside.  Although  the  sieve 
of  cuticular  processes  so  common  at  the  entrance  of  the  atrium  of  the  annular 
type  of  spiracle  causes  some  pressure  resistance  and  frictional  drag  to  tidal 
air  moving  in  and  out  of  the  tracheal  system,  the  important  function  of  the 
sieve  is  to  keep  particles  of  dust  from  entering  the  tracheae,  as  recently 
shown  by  experiments  on  the  silkworm  (Nunome,  1951).  These  simple 
sieves,  unlike  the  felt  chambers  of  some  insects,  do  not  therefore  appear  to 
be  of  any  real  significance  in  establishing  a  humidity  gradient. 

All  aquatic  pterygote  insects  are  evolved  from  terrestrial  ancestors  that 
had  cuticles  of  a  high  degree  of  impermeability  and  breathed  through 
spiracles(1).  In  water  the  total  surface  area  of  the  kind  of  spiracles  developed 
on  land  is  far  too  small  to  separate  a  significant  amount  of  oxygen  by 

U)  The  Lepismatidae  and  all  primitive  Pterygota  have  a  well  developed  tracheal 
system  with  ten  pairs  of  spiracles  (functional  plus  non-functional)  in  all  postembryonic 
stages.  Except  for  a  small  number  of  very  highly  specialized  parasitic  insects  in 
which  the  tracheal  system  is  secondarily  reduced,  the  respiratory  system  of  all 
pterygotes  conforms  to  this  basic  pattern.  A  recent  claim  by  Heslop-Harrison  (1952) 
that  some  insects  have  eleven  pairs  of  spiracles  and  that  they  have  three  and  not  two 
pairs  of  thoracic  spiracles  is  not  only  based  on  careless  work  but  is  quite  contrary 
to  the  results  obtained  by  Weber,  Kelin,  and  many  other  careful  morphologists 
during  the  past  half  century. 

Those  who  persist  in  maintaining  that  insects  are  primitively  aquatic  usually 
ignore  the  presence  of  the  tracheal  system  and  so  avoid  the  embarrassment  of 
explaining  how  a  tracheal  system  is  evolved  by  an  aquatic  animal.  This  particular 
difficulty  was  not,  however,  avoided  by  Handlirsch  (1908)  who  supposed  that  the 
tracheal  system  first  developed  in  the  terrestrial  adults  of  primitive  insects  and  that 
the  system  gradually  arose  earlier  and  earlier  in  ontogeny  until  it  became  established 
in  the  larvae  before  the  latter  became  terrestrial.  Handlirsch  not  only  maintained 
that  the  Palaeodictyphora  were  primitively  aquatic  but  also  maintained  that  they 
were  directly  descended  from  the  trilobites.  These  views  were  vigorously  maintained 
by  him  for  several  decades,  and  the  former,  but  perhaps  not  the  latter,  still  has  its 
adherents,  of  whom  the  most  recent  is  Edwards  (in  Roeder,  1953). 

Since  the  view  that  insects  are  primitively  aquatic  still  finds  supporters,  the 
following  points  may  be  noted: 

(1)  There  are  no  truly  aquatic  forms  in  any  of  the  classes  of  the  subphyllum 
Antennata  related  to  but  more  primitive  than  insects,  e.g.3  the  Symphyla  and  Diplura 

(2)  The  Thysanura  are  on  balance  of  characters  the  most  primitive  Insecta,  and 
they  show  no  evidence  whatsoever  of  an  aquatic  ancestry. 
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diffusion.  Successful  invasion  of  the  water  thus  demands  one  of  the 
following  adaptations : 

(1)  Ability  to  reach  the  surface  of  the  water.  The  insects  that  make  use 
of  atmospheric  oxygen  are  one  of  the  most  numerous  of  the  aquatic  groups. 
They  include  the  larvae  and  adults  of  most  aquatic  Hemiptera  and  Coleoptera, 
larvae  and  pupae  of  many  Diptera  and  adults  of  some,  a  few  adult  Hymen- 
optera,  and  a  few  lepidopterous  larvae.  It  seems  certain  that  all  larval  and 
adult  insects  that  have  invaded  water  are  derived  from  ancestors  that  at  one 
time  made  periodic  trips  to  the  surface  for  air.  It  seems  equally  certain, 
however,  that  most  aquatic  pupae  are  not  derived  from  ancestors  that  had 
a  pupal  stage  adapted  to  breathe  in  this  way. 

(2)  Long  spiracles  or  spiracles  opening  on  long  processes.  This  adaptation 
enables  the  insect  to  make  use  of  atmospheric  oxygen  while  it  remains  below 
the  surface.  The  larvae  of  many  Syrphidae  and  the  larvae  and  the  pupae  of 
the  Ptychopteridae  are  particularly  good  examples  of  this  adaptation,  the 
larvae  of  some  Syrphidae  having  “tails3 4 5’  over  6  cm.  long. 

(3)  A  permeable  cuticle.  Loss  of  the  wax  and  perhaps  usually  also  the 
cement  layer  of  the  epicuticle  on  part  or  all  of  the  body-wall  enables  the 
needs  of  the  insect  to  be  satisfied  by  cutaneous  respiration.  The  surface  area 
of  such  insects,  particularly  if  they  are  large,  may  be  enhanced  by  tracheal 
or  blood  gills.  The  maintenance  of  a  favourable  relation  between  surface 
area  and  volume  by  means  of  gills  as  the  size  increases  is  well  illustrated  by 
the  aquatic  caterpillar,  Nymphula  maculalis  Clem.  (Welch,  1916).  The  small 
apneustic  first  instar  of  this  species  is  without  gills.  The  second  instar  has 
forty  gills,  and  the  number  of  gills  increases  with  each  succeeding  instar 
until  in  the  large  final  instar  larva  there  are  over  400  gills.  Among  the 
insects  that  have  secondarily  lost  the  impermeability  of  the  cuticle  are  the 

(3)  Those  who  hold  that  insects  are  primitively  aquatic  chiefly  base  their  view 
on  the  assumption  that  the  larvae  of  the  Palaeodictyoptera  are  aquatic.  The 
gratuitous  nature  of  this  assumption  has  been  discussed  in  some  detail  by  Lemche 
(1940)5  who  points  out  that  there  is  no  palaeontological  evidence  that  the  Palae- 
odictyphora  had  aquatic  larvae.  Lemche  also  draws  attention  to  the  interesting  fact 
that  the  ratio  of  discovered  larvae  to  adults  is  much  lower  in  the  Palaeodictyphora 
than  in  the  Blattoidea  living  in  the  same  period.  It  is  generally  admitted  that  the 
early  Blattoidea  were  terrestrial  in  all  stages.  It  is  reasonable  to  suppose  that  the 
chances  of  fossilization  are  higher  in  aquatic  than  terrestrial  animals.  If  the  larvae 
of  the  Palaeodictyphora  were  aquatic  we  should  not  have  expected  to  find  the  ratio 
of  fossil  larvae  to  adults  so  many  times  lower  than  in  cockroaches. 

(4)  One  of  the  most  characteristic  and  universal  structural  alterations  undergone 
by  insects  when  they  invade  water  is  a  reduction  in  the  number  of  functional  spiracles. 
Keilin  (1944)  and  Hinton  (1947)  have  drawn  attention  to  the  fact  that  any  spiracles 
that  become  non-functional  in  any  instar  of  an  aquatic  insect  never  return  to  their 
functional  condition  in  that  instar  even  though  the  group  may  later  become  wholly 
terrestrial.  In  other  words,  no  exceptions  are  known  to  Dollo’s  law  so  far  as  the 
spiracles  are  concerned.  The  fact  that  there  is  no  reduction  in  the  number  of  functional 
spiracles  in  the  terrestrial  larvae  of  the  super-orders  Blattopteroidea  and  Orhtopteroidea 
would  seem  as  good  proof  as  can  be  expected  that  neither  the  ancestors  of  these 
super-orders  nor  the  other  groups  to  which  these  ancestors  gave  rise  can  have  had 
aquatic  larvae. 

Finally,  it  should  be  noted  that  point  (3)  above  has  by  no  means  the  same  weight 
as  (2)  and  (4),  either  of  which  seem  sufficient  to  refute  decisively  any  idea  that  insects 
are  primitively  aquatic. 
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larvae  of  the  Ephemeroptera  and  Plecoptera;  larvae  of  a  few  Hemiptera, 
Megaloptera,  Neuroptera,  and  Coleoptera;  all  larvae  and  pupae  of  the 
Trichoptera;  a  few  lepidopterous  larvae;  and  the  larvae  and  pupae  of  many 
groups  of  Diptera  of  which  Chironomidae  and  Ceratopogonidae  are  the 
most  numerous. 

(4)  Pointed  spiracles  that  can  be  thrust  into  plant  tissues  and  so  tap  the 
intercellular  air-spaces.  This  is  one  of  the  most  interesting  and  least  known 
of  respiratory  adaptations,  and  the  following  list  may  therefore  prove  useful. 

Tipulidae:  Larvae  and  pupae  of  Erioptera  flavescens  L.  (Dette,  1916)  and 
E.  squalida  Loew,  but  not  many  other  species  of  the  genus.  In  Britain  I 
have  found  the  first  in  the  watermeads,  Winchester,  and  the  second  in  Askham 
Bog,  York.  Other  species  of  Erioptera  (s.  lat.)  reared  by  me  have  quite 
different  habits,  e.g.,  E.  limbata  Loew,  E.  lutea  Meig.,  E.  trivialis  Meig., 
E.  diuturna  Walk.,  E.  ( Symplecta )  stictica  Meig.,  and  E.  (. Ilisia )  maculata 
Meig. 

Culicidae  :  Larvae  and  pupae  of  Taeniorhynchus  (Galliard,  1934)  an^  at 
least  some  species  of  Mansonioides  and  Ficalbia  (Iyengar,  1935). 

Tabanidae:  Larvae  of  Chrysops  celer  O.-S.,  C.  montanus  O.-S.,  and  other 
North  American  species  of  the  genus.  The  inclusion  of  Chrysops  in  this  list 
is  based  on  the  figures  of  the  post- abdominal  spiracles  given  by  Stone  (1930). 

Dolichopodidae  :  Pupae  of  Trypeticus  smaragdinus  Gerst.  The  abdominal 
spiracles  are  very  long  and  sharp  (figure  in  Wesenberg-Lund,  1943),  but  it 
remains  to  be  shown  if  they  are  used  to  tap  the  intercellular  air-spaces  in 
the  stems  of  Phragmites. 

S yrphidae  :  Larvae  of  at  least  some  species  of  Chrysogaster.  I  have  com¬ 
monly  found  these  piercing  the  roots  of  water  plants  in  many  parts  of  Britain. 
Figures  of  the  post-abdominal  spiracles  are  given  by  Varley  (1937). 

Ephydridae  :  Larvae  of  Notophila  and  Hydropota  ( =Hydrellia ).  The 
penultimate  larval  instar  of  these  species  remains  with  its  spiracles  in  the 
plant  and  so  is  hardened  in  situ  to  form  the  puparium.  In  this  way  the  pupa 
utilizes  the  old  larval  cuticle  to  extract  oxygen  from  the  plant. 

D ytiscidae  :  Larvae  of  Noterus  (Balfour-Browne  and  Balfour-Browne, 
1940). 

Ghrysomelidae  :  Larvae  of  Donacia  and  Haemonia. 

Curculionidae  :  Larvae  of  Lissorhapterus  (Isley  and  Schwardt,  1930). 

Stages  with  spiracles  adapted  for  piercing  plant  tissues  are  able  to  survive 
in  water  very  poor  in  oxygen,  and  these,  e.g.,  Ephydridae,  and  Chironomids, 
with  haemoglobin  are  the  only  insects  that  commonly  remain  totally  im¬ 
mersed  for  prolonged  periods  in  more  or  less  anaerobic  environments. 
Little  is  known  of  the  permeability  of  the  cuticle  of  the  root-piercers.  The 
ox}rgen  requirements  of  the  larvae  of  some  species  of  Donacia  can  be  entirely 
satisfied  by  cutaneous  respiration  (Hoffman,  1940).  It  would  be  of  interest 
to  know  the  permeability  of  those  that  are  often  found  attached  to  roots  in 
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organic  ooze  where  there  is  liable  to  be  very  little  oxygen  indeed.  If  their 
cuticles  are  permeable  they  will  lose  oxygen  rapidly  in  such  environments, 
but  this  may  not  adversely  affect  them  so  long  as  they  have  an  adequate  and 
continuous  source  of  supply.  The  spiracles  of  the  eighth  abdominal  segment 
of  a  Ditomyid,  Ditomyia  fasciata  Meig.,  are  long  and  sharply  pointed 
(Madwar,  1937).  This  is  not  an  aquatic  species,  but  it  feeds  on  the  fungus 
Polystictus.  The  structure  of  its  post-abdominal  spiracles  suggest  that 
perhaps  when  the  fungus  is  water-logged  it  may  be  able  to  tap  intercellular 
air-spaces  or  air-locks  in  the  fungus  and  should  therefore  belong  in  our  list 
though  not  an  aquatic  species. 

(5)  Pupal  cocoon  in  direct  communication  with  intercellular  air  of  stems 
or  roots.  Before  pupation  the  larvae  of  some  beetles  ( Donacia ,  Haemonia , 
and  possibly  Noterus )  and  many  Nymphulinae  bite  a  groove  or  a  separate 
hole  through  the  relatively  impermeable  cuticle  of  the  plant.  One  wall  of 
the  cocoon  is  formed  against  these  holes.  This  wall  is  thin  and  permeable. 
For  some  reason  not  understood  the  plant  does  not  repair  the  damage,  with 
the  result  that  the  gas  in  the  cocoon  is  in  communication  with  the  inter¬ 
cellular  air-spaces  of  the  plant,  as  shown  by  Ege  (1923). 

(6)  A  plastron  or  permanent  physical  gill.  The  structure  and  distribution 
of  these  gills  has  recently  been  reviewed  by  Thorpe  (1950). 

The  insects  that  invade  aquatic  environments  that  may  suddenly  dry 
completely  for  prolonged  periods  have  to  overcome  a  series  of  very  special 
difficulties.  How  they  do  so  is  determined  on  the  one  hand  by  their  previous 
history  and  on  the  other  by  the  specific  attributes  of  the  particular  environ¬ 
ment  that  is  alternately  dry  and  flooded.  When  the  insect  is  unable  to 
tolerate  a  considerable  dehydration  of  its  tissues,  it  cannot  solve  the  problem 
of  respiration  when  under  water  by  loosing  its  wax  layer  and  thereby  acquiring 
a  permeable  cuticle.  To  do  so  would  ensure  its  death  by  desiccation  when 
its  habitat  became  dry.  Most  insects  solve  the  problem  of  respiration  in 
such  environments  by  retaining  their  impermeable  cuticle  and  breathing 
at  the  surface.  Indeed,  some  of  these  aquatic  insects,  e.g.  Dytiscids,  have 
such  impermeable  cuticles  that  if  prevented  from  coming  to  the  surface  they 
drown  more  quickly  than  Carabids  of  similar  size. 

Now  many  insects  cannot  solve  the  problem  of  respiration  when  in  the 
water  by  making  periodic  trips  to  the  surface.  This  solution  of  the  problem 
may  be  precluded  by  their  previous  history,  as  is  so  of  all  those  that  have 
descended  from  apneustic  ancestors ;  or  the  stage  concerned  may  be  immobile 
or  relatively  so,  as  are  eggs  and  many  pupae;  or  the  nature  of  the  particular 
environment  may  be  such  as  to  make  it  difficult  or  impossible  for  the  insect 
to  come  to  the  surface,  e.g.,  very  rapidly  flowing  water.  The  insects  that 
successfully  invade  environments  that  are  alternately  dry  and  flooded,  but 
which  do  not  for  one  reason  or  another  come  to  the  surface  to  take  air,  can 
be  considered  under  the  following  headings : 

A.  Species  that  can  tolerate  complete  dehydration  and  have 

PERMEABLE  CUTICLES. 

Most  insects  are  able  to  tolerate  a  fall  in  the  moisture  content  of  their 
tissues  of  the  order  of  10%  to  15%.  In  those  adapted  to  environments  that 
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are  liable  to  dry  up,  the  time  taken  to  lose  this  percentage  of  water  may  be 
greatly  increased.  For  instance,  preliminary  experiments  indicate  that  the 
larvae  of  both  Chironomus  ( plumosus  group)  and  Simulium  die  when  their 
moisture  content  falls  a  little  more  than  10%,  but  this  amount  of  water  is 
lost  about  thirty  times  faster  in  Chironomus  than  in  Simulium.  It  is  common 
to  find  that  insects  adapted  to  environments  that  are  liable  to  dry  not  only 
lose  water  more  slowly  but  tolerate  a  much  greater  percentage  loss.  As  an 
extreme  instance  we  may  cite  the  eggs  of  Locustana  pardalina  Walk.,  which 
survive  a  fall  in  moisture  content  from  about  85%  to  40%  (Matthee,  1951). 
Dehydration  of  the  tissues  may  be  so  slowed  down  by  the  impermeability 
of  the  embryonic  membranes,  chorion,  or  cuticle,  or  by  the  production  of 
metabolic  water,  or  both,  that  the  insect  may  survive  desiccation  for  several 
years,  e.g .,  a  “ground  pearl”  larva  of  the  South  American  Margarodes  vitium 
was  found  to  be  alive  after  at  least  seventeen  years  in  a  museum  (Ferris, 
1919),  and  in  dry  wood  the  development  of  Eubria  quadrigeminata  Say 
may  be  delayed  up  to  forty  years  (Jaques,  1918)  and  that  of  Buprestis 
aurulenta  L.  up  to  twenty-six  years  (Linsley,  I943)(2). 

Now  all  these  insects,  however  resistant  they  may  be,  tolerate  only  a 
certain  fall  in  their  moisture  content :  sooner  or  later  a  critical  moisture  level 
is  reached  below  which  they  cannot  survive.  A  very  few  insects,  however, 
differ  qualitatively  in  this  respect:  at  physiological  temperatures  there  is  no 
limit  to  the  dehydration  they  tolerate.  The  best  known  of  these  is  the  larva 
of  a  Chironomid,  Folypedilium  vanderplankei  Hint,  which  breeds  in  shallow 
rock  pools  in  Northern  Nigeria.  An  account  of  its  habits  is  given  by  Hinton 
(I95I>  1953)- 


(2)  Observations  on  resistance  to  desiccation  are  numerous.  Some  of  the  more 
striking  ones  are :  A  pupa  of  Eriogaster  lanestris  L.  remained  alive  at  room  humidities 
for  eight  years  (Zeller  in  Tutt,  1900).  Eggs  of  Notolophus  leucostigma  S.  &  A. 
survived  two  years  over  calcium  chloride  (Payne,  1929).  Larvae  of  the  mealworm 
over  strong  sulphuric  acid  did  not  begin  to  die  until  after  210  days  (Buxton,  1930). 
I  found  that  some  eggs  of  Aedes  aegypti  would  hatch  after  114  days  over  calcium 
chloride  at  i8°-20°C.  (moisture  content  of  the  salt  increased  from  4.7  to  13.5% 
during  the  experiment — including  the  0.2%  of  water  held  at  over  200°C.).  The 
eggs  were  hatched  in  water  to  which  yeast  had  been  added: 


Days 

No.  Eggs 

No.  Larvae 

%  Hatch 

23 

62 

35 

56.4 

29 

64 

37 

57-8 

38 

63 

21 

33.3 

43 

29 

10 

34-5 

50 

81 

16 

19.7 

64 

19 

1 

5.2 

71 

52 

3 

5*7 

78 

162 

7 

4-3 

85 

105 

3 

2.8 

92 

315 

0 

0 

100 

297 

0 

0 

114 

1,170 

4 

0.085 
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Fig.  i.  Polypedilium  vanderplankei  Hint.  Larva  dried  for  three  years  and  three 
months  and  the  same  larva  twenty  minutes  after  immersion  in  water.  This  particular 
larva  had  the  tergite  of  the  third  abdominal  segment  tom  open  during  the  years  it 
was  dry.  A  section  of  the  gut  was  forced  through  the  tear  when  it  absorbed  water,  and 
the  larva  ceased  to  move  about  and  died  about  four  hours  after  it  was  placed  in  water. 

The  larvae  of  Polypedilium  survive  drying  at  65 °C.  in  an  electric  oven 
for  periods  of  twenty  hours.  The  hygroscopicity  of  their  tissues  is  such 
that  they  will  have  about  15%  moisture  at  room  temperatures  and  relative 
humidities  of  40%  to  60%.  Their  respiration,  if  any,  when  dry  would 
appear  to  be  anaerobic;  larvae  kept  for  one  week  in  purified  nitrogen  and 
others  kept  for  two  weeks  in  purified  hydrogen  did  not  seem  to  be  affected. 
When  dry,  93%  of  the  larvae  survive  61  °C.  for  fourteen  hours,  25.7% 
survive  68.5°C.  for  eleven  hours,  and  only  13%  survive  69.5°C.  for  two  and 
a  half  hours.  Active  larvae  tolerate  water  temperature  as  high  as  4i°C.  and 
some  will  survive  as  much  as  43-5°C.  for  fourteen  hours.  Individual  larvae 
can  be  alternately  dried  and  then  activated  in  water  a  number  of  times.  In 
the  papers  referred  to,  it  has  been  shown  that  their  survival  in  their  natural 
environments  actually  requires  these  attributes.  In  April,  1953,  larvae 
collected  in  December,  1949,  were  placed  in  water  and  in  due  course 
produced  normal  adults.  These  larvae  had  thus  been  kept  at  about  15% 
moisture  content  for  three  years  and  three  months. 

The  larvae  of  an  undescribed  Ceratopogonid,  also  from  Northern  Nigeria, 
is  capable  of  dehydration  like  Polypedilium  vanderplankei.  My  attention  has 
recently  been  called  by  Dr.  A.  D.  Lees  to  a  paper  by  Giard  (1902)  on  a 
Mycetophlid,  Sciara  medullaris  Gd.  This  is  not  an  aquatic  species  but  lives 
in  the  stems  of  Senecio  jacobaea  L.  From  Giard’s  account  of  his  experiments 
on  the  larva,  it  seems  possible  that  this  is  a  third  species  of  insect  capable 
of  tolerating  complete  dehydration. 

The  moisture  content  of  the  larvae  of  Polypedilium  can  be  reduced  below 
1%  without  affecting  their  activity  when  later  placed  in  water.  Their 
recorded  tolerance  to  abnormally  high  temperatures  depends  upon  removing 
all  or  nearly  all  the  water  from  the  tissues,  as  shown  also  for  the  eggs  of  the 
brine  shrimp  (. Anemia  salina  L.),  which  will  hatch  after  exposure  to  I03°C. 
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in  an  electric  oven  for  four  hours  (Hinton,  1935a).  When  dry,  the  larvae 
tolerate  injuries  that  kill  them  very  quickly  when  they  are  wetted.  For 
instance,  temporary  recovery  was  observed  when  specimens  that  had  had  no 
more  than  the  first  two  abdominal  segments  for  a  period  of  two  years  were 
placed  in  water.  In  short,  removal  of  some  of  the  abdominal  segments  is  not 
incompatible  with  the  demands  they  make  upon  their  environment  when 
dry,  but  such  injuries  rapidly  kill  them  when  they  are  wetted. 


B.  Species  with  spiracular  gills  and  a  more  or  less  impermeable 

BODY-WALL  CUTICLE. 

In  the  pupae  of  a  great  many  Nematocera  the  peritreme  and  the  atrial 
chamber  of  the  prothoracic  spiracles  are  greatly  lengthened  to  form  what 
are  commonly  called  respiratory  or  spiracular  horns.  In  a  few  species  these 
become  gills.  Many  names  have  been  proposed  for  these  gills  (^see  Taylor, 
1902;  Satchell,  1948),  and  most  writers,  including  myself,  have  followed 
Taylor  in  calling  them  cuticular  gills.  But  this  term  is  not  specific  enough: 
it  could  with  justice  be  applied  to  blood  and  tracheal  gills.  In  the  pupal 
stage,  sensu  stricto ,  before  the  epidermal  cells  degenerate  or  are  withdrawn, 
the  space  between  the  peritreme  and  the  central  tube  that  continues  the 
lumen  of  the  trachea  is  a  continuation  of  the  haemocoele.  What  is  charac¬ 
teristic  of  the  gills  previously  called  cuticular  gills  is  that  they  are  all 
modifications  of  the  spiracle,  or  the  integument  immediately  adjoining  the 
spiracle,  or  both;  and  for  this  reason  I  suggest  that  they  be  called  spiracular 
gills,  a  term  to  which  no  objection  occurs  to  me.  Not  enough  is  known  of 
the  development  of  the  different  types  of  spiracular  gill  to  permit  us  to  say 
at  this  time  if  they  are  all  variations  on  one  theme  or  if  several  qualitatively 
different  kinds  exist  that  can  usefully  be  distinguished.  The  primitive 
spiracular  gill  does  not  differ  materially  except  in  the  surface  of  its  permeable 
area  from  an  ordinary  spiracular  horn.  Certainly  within  the  family  Tipulidae 
a  series  of  forms  can  be  so  placed  as  to  make  it  difficult  to  say  when  the 
structure  is  a  spiracular  horn  and  when  it  is  a  gill.  In  the  series  Limnophila 
ferruginea  L.->L.  maculata  Meig.— >L.  discicollis  Meig.— >L.  lucorum  Meig. 
—>Dicranomyia  lutea  Meig.^>Geranomyia  unicolor  Haliday-^ Lipsothrix 
remota  Loew-> T aphrophila  vitripennis  Meig., a  fair  gradation  is  to  be  seen 
from  the  ordinary  type  of  spiracular  horn  to  the  well  developed  gill  of 
the  genus  T aphrophila.  I  do  not,  of  course,  suggest  that  this  is  in  any  way 
a  phylogenetic  series. 

Only  the  prothoracic  spiracles  are  modified  to  form  gills  except  in  the 
Empidae,  in  which  the  spiracles  of  the  prothorax  and  the  first  seven  abdominal 
segments  form  gills  (fig.  2),  and  Psephenoides  in  which  only  those  of  the  first 
seven  abdominal  segments  form  gills  (Hinton,  1947a). 

One  of  the  most  characteristic  features  of  rapidly  flowing  or  torrential 
streams  is  the  rapid  fluctuation  of  the  water  level,  and  it  is  of  significance 
that  all  those  groups  with  spiracular  gills  occur  in  such  environments: 
Psephenidae  ( Psephenoides ),  Tipulidae  (T aphrophila),  Blepharoceridae, 
Deuterophlebiidae,  Simulidae  (with  few  exceptions),  and  Empidae 
(Hemerodromiinae).  All  of  these  species,  so  far  as  is  known,  normally  shed 
their  pupal  cuticle  beneath  the  surface  of  the  water  (see  summary  in  Hinton, 
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1946).  All  those  that  have  been  tested  have  been  found  capable  of  shedding 
their  pupal  cuticle  when  taken  out  of  the  water,  e.g .,  Simulidae  (Pulikovsky, 
1927)  and  Empidae  and  Tipulidae  (Hinton  1950).  The  degree  to  which 
they  will  tolerate  exposure  when  out  of  the  water  varies  considerably;  species 
of  Simulium  will  tolerate  prolonged  exposure  (Pulikovsky  1927),  whereas 
others,  e.g.,  Hemerodromia  unilineata  Zett.,  will  emerge  successfully  when 
kept  for  twenty-four  hours  at  60%  R.H.  or  slightly  less,  but  when  kept 
longer  at  saturation  deficiencies  of  40%  are  unable  to  shed  the  pupal  cuticle 
and  in  time  die  (Hinton,  1950). 

To  understand  the  full  significance  of  spiracular  gills,  it  is  necessary  to 
consider  them  not  merely  as  structures  adapted  for  under-water  respiration 
but  as  structures  adapted  both  for  extraction  of  oxygen  from  the  water  and 
for  atmospheric  respiration.  For  this  dual  function  they  appear  to  be 
remarkably  adequate.  In  water  they  provide  a  relatively  enormous  surface 
area  for  diffusion,  and  the  structure  of  their  walls  is  such  as  to  prevent  their 
collapse  under  the  hydrostatic  pressures  to  which  they  are  normally  subject. 
Figures  are  not  available  to  show  in  any  one  species  the  proportion  of  the 
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Fig.  3.  Pupal  gills  of  Psephenoides  volatalis  Champ.  Inner  view  of  left  side  of 
third  and  fourth  abdominal  segments.  The  gill  filaments  of  both  spiracular  gills 
are  cut  short. 


oxygen  demand  satisfied  by  diffusion  through  the  body-wall  cuticle  and  the 
gill,  but  in  many  species  the  total  surface  area  of  the  gill  is  such  as  we  may 
suppose  that  no  limit  is  set  to  the  impermeability  of  the  body-wall  cuticle. 
When  the  pupa  is  out  of  water,  the  enormous  surface  area  of  the  gill  does 
not  involve  the  animal  in  water  loss  over  an  enormous  surface  area,  since 
the  connection  between  the  lumen  of  the  gill  and  the  internal  tissues  of  the 
insect  is  restricted  to  a  surface  hardly  if  at  all  greater  than  that  of  the  spiracles 
of  terrestrial  insects  (fig.  3).  Thus,  a  spiracular  gill  not  only  provides  an 
enormous  surface  area  for  the  extraction  of  oxygen  from  the  ambient  water, 
but  in  the  air  the  total  surface  area  for  humidity  exchanges  between  the 
saturated  air  in  the  tracheae  and  the  drier  air  outside  is  about  as  restricted 
as  in  any  terrestrial  insect  with  normally  formed  spiracles. 
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C.  Species  with  a  plastron  and  a  more  or  less  impermeable 

BODY-WALL  CUTICLE. 

The  reader  is  referred  to  a  recent  paper  by  Thorpe  (1950)  for  a  com¬ 
prehensive  summary  of  the  insects  that  have  a  plastron. 

D.  Species  with  relatively  permeable  cuticular  areas  that  can  be 

COVERED  BY  RELATIVELY  IMPERMEABLE  CUTICULAR  AREAS. 

This  kind  of  adaptation  has  attracted  little  notice,  probably  because  it  is 
not  accompanied  by  any  conspicuous  morphological  features.  The  following 
examples  will  suffice  as  illustrations : 

(1)  Dasyhelea  dufori  Laboulb* (3).  (P.  Freeman  det.)  breeds  in  one  corner 
of  my  garage  in  puddles  of  water  on  a  concrete  floor  beneath  a  leaking  glass 
roof.  These  puddles  dry  up  after  a  rainy  spell  in  one  to  three  days  or  so, 
according  to  their  size.  In  a  prolonged  dry  spell  the  layer  of  mud  and  algae 
that  remains  when  the  water  evaporates  becomes  very  dry  indeed,  and 
sections  of  it  curl  away  from  the  concrete.  Larvae  of  D.  dufori  are  found 
curled  up  beneath  the  dry  mud  cakes.  Many  larvae  are  frequently  found 
massed  together.  Large  numbers  of  them  survive  prolonged  sunny  spells. 
Now,  what  is  remarkable  about  this  aquatic  larva  is  that  it  is  apneustic  and 
therefore  depends  entirely  upon  cutaneous  respiration.  Most  of  its  body 
surface,  however,  appears  to  be  relatively  impermeable,  as  mature  larvae 
may  be  kept  at  roopi  humidities  for  prolonged  periods  (two  months  at  the 
time  of  writing),  and  in  some  experiments  over  90%  of  the  larvae  survived 
forty-eight  hours  at  a  relative  humidity  of  less  than  i%(4).  When  the  larva 
is  taken  out  of  the  water  it  retracts  the  end  of  its  abdomen  and  anal  gills  in 
such  a  way  that  these  permeable  surfaces  come  to  lie  within  segments  having 
the  relatively  impermeable  cuticle.  The  larva  contains  an  exceptionally 
large  amount  of  fat  for  an  aquatic  insect(5),  and  combustion  of  this  must 
play  a  part  in  maintaining  its  moisture  content,  since  it  will  not  tolerate  a 
large  fall  in  moisture  content. 

(2)  Many  insects,  especially  Diptera,  lack  cocoons  but  pupate  close  to 
the  edges  of  streams  and  pools  in  mud  that  may  be  alternately  flooded  and 
dried  to  a  considerable  degree.  Experiments  on  Tabanus  provide  some  clue 
as  to  how  these  survive  the  rigours  of  their  environment.  For  instance, 
pupae  of  Tabanus  autumnalis  L.  will  survive  prolonged  exposure  to  low 
humidities  and  total  immersion  for  long  periods.  In  one  experiment  a  pupa 
survived  the  following  treatment:  79.10  hours  in  aerated  tap  water,->i5  hours 
at  40%  R.H.->27.25  hours  in  water->2.55  hours  at  40%  R.H.->48  hours  in 

(3)  A  full  account  of  experiments  now  in  progress  on  this  species  will  be  published 

later. 

(4)  Its  resistance  to  desiccation  is  best  appreciated  by  comparison  with  a  terrestrial 
member  of  its  family,  e.g.}  Forcipomyia  picea  Winn.,  most  larvae  of  which  die  when 
exposed  for  forty-eight  hours  to  a  relative  humidity  as  low  as  80%. 

(5)  The  total  depot  fat  of  arthropods  is  correlated  with  the  humidity  of  their 
environment:  most  aquatic  species  have  far  less  fat  than  their  terrestrial  relatives, 
e.g .,  the  total  fat  (including  tissue  lipoids)  of  the  mature  larvae  of  Simulium  and 
Chironomus  plumosus  is  of  the  order  of  5%  (dry  wt.  basis),  whereas  that  of  Calliphora 
is  22-25%.  Many  of  the  species  that  live  in  environments  that  are  liable  to  dry  up 
have  far  more  fat  than  those  that  live  in  more  stable  aquatic  environments. 
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water.  When  pupae  of  Tabanus  are  immersed,  they  absorb  water  to  such 
an  extent  that  the  intersegmental  membranes  of  the  abdomen  become  fully 
stretched.  When  they  are  kept  in  dry  air,  their  volume  diminishes  as  they 
lose  water  until  in  due  course  the  abdominal  segments  become  partly 
telescoped  into  one  another  and  no  intersegmental  membranes  are  exposed. 
Preliminary  experiments  seemed  to  show  that  as  the  area  of  exposed  inter¬ 
segmental  membrane  becomes  appreciably  reduced,  the  rate  of  water  loss 
diminishes.  In  short,  when  the  pupae  are  exposed  for  long  periods  to  dry 
air  loss  of  water  at  the  junction  of  the  segments  is  much  reduced  by  the 
overlapping  of  the  relatively  impermeable  areas  of  the  segments,  but,  when 
they  are  flooded,  absorption  of  water  and  the  consequent  increase  in  volume 
bring  about  the  full  exposure  of  the  intersegmental  membranes,  which  now 
become  the  chief  respiratory  organs  of  the  pupa.  It  is  not  known  to  what 
extent,  if  any,  the  pupa  deals  with  the  great  change  of  osmotic  pressure 
that  the  absorption  of  large  amounts  of  water  entails,  but  many  insects 
have  been  shown  to  survive  enormous  changes  of  osmotic  pressure  for 
restricted  periods,  and,  in  general,  insects  regulate  their  osmotic  pressure 
over  a  much  wider  range  than  the  higher  animals. 

These  examples  could  be  greatly  multiplied,  particularly  if  terrestrial 
insects  rather  than  aquatic  ones  are  considered.  Very  many  terrestrial 
insects  live  in  places  where  they  are  inevitably  flooded,  if  only  for  a  restricted 
period,  every  time  there  is  a  heavy  rain.  Concentration  on  the  more 
spectacular  adaptations  has  tended  to  obscure  the  fact  that  very  little  is 
known  of  what  happens  to  insects  when  it  rains.  For  instance,  many 
Hymenoptera  and  Lepidoptera  pupate  in  cocoons  that  resist  the  entry  of 
water  and  are  tough  enough  not  to  collapse  under  the  low  hydrostatic 
pressures  to  which  they  are  normally  subject.  These  cocoons  thus  function 
as  physical  gills  when  they  are  covered  by  water.  The  outer  layers  of  silk 
of  the  cocoons  of  at  least  some  Lepidoptera  are  hygroscopic.  When  the 
cocoons  are  not  flooded  they  therefore  diminish  for  the  pupa  the  steep 
fluctuations  in  the  relative  humidity  of  the  ambient  air. 

II.  Notes  on  the  habits  of  the  Stratiomyidae. 

There  are  few  dipterous  larvae  which  have  a  cuticle  that  at  first  sight 
looks  so  impermeable  as  that  of  the  Stratiomyidae,  although  appearances  in 
this  matter  are  a  poor  guide.  The  cuticle  of  many  species  is  impregnated 
with  calcium  carbonate,  which  may  sometimes  account  for  75%  of  its 
weight  (Muller,  1925).  The  larvae  of  a  number  of  species  live  at  the  edges 
of  small  streams  and  others  are  known  to  inhabit  tree -hole  water  and 
shallow  rock  pools,  all  environments  that  are  liable  to  dry  up  from  time  to 
time.  The  postabdominal  spiracles  are  functional  in  all  larval  instars,  and 
the  anterior  thoracic  spiracles  are  functional  in  the  final  instar.  Those  that 
live  in  pools  and  ponds  take  air  at  the  surface,  whereas  the  stream-dwelling 
species  of  Oxycera  ( =Hern:ione )  normally  live  just  above  water  level;  and 
it  would  thus  appear  at  first  sight  that  no  limit  is  set  to  the  impermeability 
of  the  cuticle.  That  the  cuticle  may  become  astonishingly  impermeable  is 
shown  by  various  records (6). 


(6)  In  June,  1934,  some  already  dry  and  powdery  material  was  collected  from  a 
rot-hole  in  a  tree  in  Nyasaland.  The  material  was  sent  to  London  and  was  not  placed 
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Stratiomyids  that  live  in  pools  and  relatively  still  waters  float  to  the 
surface  if  they  are  immersed,  and  in  their  natural  environments  they  do  not 
have  to  meet  a  situation  where  for  one  reason  or  another  it  is  not  possible 
to  take  air  at  the  surface.  But  the  stream  dwelling  species  of  Oxycera  may 
be  immersed  for  long  periods.  They  are  common  close  to  the  edge  of  the 
water  in  moss  or  algae  on  the  bank  and  on  partly  submerged  stones  in  the 
stream.  Whenever  the  stream  rises  suddenly  and  sufficiently,  they  are 
submerged,  and  if  they  are  not  to  be  washed  down-stream,  they  must  retain 
their  purchase.  Their  mandibles  are  their  chief  locomotory  organs,  but 
their  purchase  is  chiefly  secured  by  two  large  and  curved  claws,  one  on 
either  side  of  the  hind  margin  of  the  seventh  abdominal  sternite,  which 
serve  to  anchor  them  to  moss  or  algae  (Schremmer,  1951)-  No  muscles  are 
inserted  in  the  claws  themselves,  but  they  are  moved  by  muscles  inserted 
in  the  body- wall  cuticle  near  their  bases. 

The  period  that  Oxycera  larvae  are  submerged  varies  according  to  the 
magnitude  of  the  stream  level  rise  and  the  degree  to  which  they  are  impeded 
by  moss  from  working  their  way  higher  up  the  stones.  Submerged  larvae 
seen  in  nature  always  had  a  large  bubble  of  air  held  by  a  caudal  fringe  of 
setae  so  that  the  bubble  was  in  direct  communication  with  the  chamber 
in  the  eighth  segment  into  which  the  postabdominal  spiracles  open.  At  first 
sight,  therefore,  it  would  appear  that  these  larvae  are  making  use  of  the 
shrinking  type  of  physical  gill  so  often  employed  by  insects.  Now  we  know 
from  the  experiments  of  Ege  and  others  that  in  this  type  of  physical  gill 
nitrogen  is  slowly  lost  to  the  surrounding  water  until  the  surface  area  of 
the  bubble  becomes  too  small  to  satisfy  the  oxygen  requirements  of  the 
insect,  which  must  then  surface  again  and  replenish  its  supply  of  nitrogen. 
The  larvae  of  Oxycera  feed  upon  algae  and  diatoms  on  the  surface  of  the 
stones  and  moss,  and  in  so  doing  move  about  rather  slowly.  Even  though 
they  are  not  particularly  active,  it  seemed  unlikely  that  the  usual  type  of 
temporary  physical  gill  would  suffice  for  the  long  periods  it  may  be  supposed 
they  are  sometimes  submerged  in  their  natural  environment. 

When  the  larva  of  Oxycera  was  submerged  in  a  tank,  its  bubble  did  not 
diminish  in  size  as  was  expected.  To  test  this  further,  larvae  of  Oxycera 
pulchella  Meig.  were  immersed  in  a  jar  of  water  into  which  compressed  air 
was  continuously  bubbled.  Each  larva  was  placed  in  a  small  glass  vial  that 
was  filled  with  water  and  closed  with  a  bung  made  from  a  short  section  of 
rubber  tubing  over  one  end  of  which  fine  muslin  was  glued.  Care  was  taken 
to  exclude  all  bubbles  of  air  from  the  vials  before  they  were  placed  in  the 
jar  with  their  long  axes  horizontal.  The  muslin  not  only  prevents  stray 

in  water  until  October  of  the  same  year,  when  a  larva  about  half  an  inch  long  of 
Nyassa  andreniformis  Lind,  became  active  (Buxton,  1936).  In  February,  1950,  dry  mud 
collected  at  Vom,  N.  Nigeria  from  a  shallow  and  exposed  pool  on  a  granite  rock  was 
sent  to  me  by  Dr.  F.  L.  Vanderplank.  This  mud  was  kept  in  the  laboratory,  and  in 
June  of  the  same  year  a  Stratiomyid  larva  about  half  an  inch  long  was  noticed.  It 
was  curled  up  in  a  tight  ball  and  was  soft  to  the  touch.  It  uncurled  and  began  to 
crawl  about  as  soon  as  it  was  placed  in  water.  It  lived  in  water  for  some  months 
and  then  died.  Thus,  before  it  was  seen  this  larva  had  survived  a  little  over  three 
months  in  dry  mud  of  3%  moisture  content  in  a  room  in  which  the  relative  humidity 
never  exceeded  60%  (windows  always  kept  closed)  and  often  dropped  to  about  40%. 
Hermetia  chrysophila  feeds  on  decaying  cactus  and  can  survive  dry  for  at  least  a  year 
(Hunter  et  al,  1912,  Bull.  U.S.  Bur.  Ent.  113). 
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bubbles  of  air  from  entering  the  vials  but  also  prevents  any  appreciable 
circulation  of  water  within  them.  When  crystals  of  permanganate  were 
placed  in  control  vials,  the  line  between  the  coloured  and  uncoloured  water 
remained  sharp  as  it  rose  to  the  top  of  the  vials.  The  larvae  were  not  fed 
during  the  time  they  were  in  the  vials.  Five  larvae  were  kept  for  periods  of 
three  to  seven  days,  during  which  time  their  bubbles  had  not  diminished. 
They  were  then  taken  out  and  began  to  feed  normally.  One  larva  was  kept 
for  nineteen  days,  after  which  the  vial  was  accidentally  broken.  Up  to  the 
sixth  day  there  was  no  diminution  in  the  size  of  the  bubble,  but  on  the 
seventh  day  its  diameter  was  only  half  that  of  the  previous  day.  The 
diameter  of  the  bubble  remained  only  half  that  of  a  “normal”  bubble  from 
the  seventh  to  the  nineteenth  day.  When  the  tube  was  broken  on  the 
nineteenth  day,  the  larva  was  not  exposed  to  the  air  for  more  than  a  minute 
before  it  was  transferred  to  another  vial.  After  this  transfer  it  lacked  a 
bubble,  but  when  it  was  again  examined  it  had  a  bubble  of  normal  size. 
It  kept  a  bubble  for  the  next  two  days,  when  the  experiment  was  discon¬ 
tinued.  Other  larvae  were  then  submerged  and  their  bubbles  removed  with 
a  pin.  Each  produced  a  bubble  in  due  course.  These  bubbles  subserve  two 
functions,  hydrostatic  and  respiratory,  which  may  be  discussed  separately. 

(i)  Hydrostatic.  Larvae  placed  in  aerated  or  unaerated  water  usually 
produce  a  bubble  that  increases  in  size  until  the  larva  rises  to  the  surface. 
Larvae  were  placed  in  vials  of  tap  water  at  about  i8°C.  Their  bubbles 
were  removed  with  a  pin.  In  most  specimens  a  thin  air-film  difficult  to 
remove  by  manipulation  was  left  over  the  opening  of  the  respiratory  chamber, 
but  the  air  contained  in  this  film  was  only  a  minute  fraction  of  the  volume 
of  the  bubble  finally  formed.  The  number  of  minutes  required  by  ten 
specimens  to  form  a  bubble  sufficiently  large  to  carry  them  to  the  surface 
was:  53,  105,  48,  43,  44,  60,  65,  65,  70  and  80  respectively. 

Other  experiments  showed  that  the  bubble  could  be  reformed  more  or 
less  indefinitely.  For  instance,  one  specimen  was  placed  in  a  vial  of  tap  water, 
and  a  cotton  wool  plug,  from  which  the  bubbles  were  removed,  was  inserted 
in  the  tube  above  the  larva  to  prevent  it  floating  to  the  surface.  After  the 
larva  had  floated  up  to  the  plug,  the  vial  was  placed  in  a  large  dish  of  water, 
and  the  bubble  was  removed.  The  larva  was  then  replaced  in  the  vial  and 
the  cotton  plug  again  inserted  above  it.  This  specimen  extruded  a  bubble 
large  enough  to  carry  it  to  the  surface  nine  times,  when  the  experiment  was 
discontinued.  The  times  required  for  the  formation  of  the  first  eight  bubbles 
were:  70,  60,  70,  75,  85,  84,  77  and  73  minutes  respectively. 

The  bubbles  increase  in  size  very  gradually,  and  it  is  only  a  small  initial 
bubble  that  may  sometimes  appear  suddenly.  The  gas  that  goes  to  form 
the  bubble  is  that  contained  in  the  tracheae  and  respiratory  chamber.  But 
the  total  volume  of  air  that  can  be  extruded  not  only  exceeds  the  total  volume 
of  the  tracheae  and  respiratory  chamber  but  also  the  total  volume  of  the 
larva  itself*7).  It  is  thus  abundantly  clear  that  the  larva  is  not  simply  making 


(?)  It  is  assumed  on  the  principal  of  Ockham’s  razor,  the  times  taken,  and  the 
behaviour  of  the  larvae,  that  the  gas  that  can  be  liberated  by  them  is  not  the  product 
of  some  metabolic  process.  For  instance,  we  know  that  in  the  embryo  the  tracheae 
are  usually  if  not  always  filled  independently  of  any  gas  external  to  the  embryo,  and 
it  has  been  shown  that  at  the  larval  moults  of  at  least  some  insects,  e.g.,  Sciara 
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use  of  the  tidal  air  contained  in  the  tracheae  and  respiratory  chamber  at 
the  time  it  was  submerged,  as  has  been  believed  (Kuster,  1933 ;  Wesenberg- 
Lund,  1943).  Wesenberg-Lund  and  others  have  supposed  that  extrusion  of 
a  bubble  of  air  from  the  tracheal  system  or  respiratory  chamber  is  sufficient 
to  enable  the  larva  to  rise  to  the  surface.  But  extrusion  of  the  air  bubble 
can  only  be  caused  by  increased  pressure  on  the  internal  air  system.  Such 
increased  air  pressure  cannot  be  brought  about  except  by  diminishing  the 
volume  of  the  body  to  an  amount  exactly  corresponding  to  the  volume  of 
the  bubble,  with  a  consequence  that  no  net  gain  in  displacement  results 
and  the  larva  must  continue  to  remain  at  the  bottom.  Furthermore,  if  it 
were  only  a  question  of  squeezing  out  the  air  already  contained  in  the 
tracheae  and  respiratory  chamber,  the  long  periods  required  to  form  the 
bubble  would  be  unnecessary. 

The  larva  is  capable  of  contracting  its  body  to  a  considerable  extent.  The 
body-wall  cuticle  is  particularly  thick  and  heavy,  and  when  distorted  by 
muscular  action,  its  shape  is  restored  by  its  elasticity  when  the  muscles  are 
relaxed.  Pressure  on  the  internal  air  system  brought  about  by  changes  in 
the  shape  of  the  body  force  air  out  of  the  respiratory  chamber,  when  it  is 
held  externally  by  the  caudal  coronet  of  hydrofuge  hairs.  The  external 
orifice  of  the  respiratory  chamber  is  then  closed,  and  the  muscles  are 
sufficiently  relaxed  to  permit  restoration  of  the  normal  shape  by  the  elasticity 
of  the  cuticle.  This  causes  a  fall  in  the  internal  pressure,  the  degree  of  the 
fall  depending  on  the  degree  of  the  pull  of  the  cuticle.  The  internal  pressure 
is  restored  by  gases  diffusing  through  the  cuticle  into  the  body  and  tracheae 
from  the  surrounding  water.  That  the  body-wall  cuticle  is  permeable  to 
gases  is  at  once  evident  from  the  rapidity  with  which  the  larvae  dry  up  and 
die,  e.g .,  most  larvae  do  not  survive  twenty-four  hours  in  an  atmosphere  of 
1%  relative  humidity,  whereas  terrestrial  Stratiomyid  larvae  of  similar  size 
survive  many  days  at  these  humidities.  After  equilibrium  is  more  or  less 
reached  again,  a  further  contraction  of  the  larva  adds  a  further  increment 
to  the  gas  of  the  bubble.  This  process  is  repeated  until  the  net  gain  in 
displacement  is  sufficient  to  cause  the  larva  to  rise  to  the  surface. 

A  further  point  may  be  noted  here.  Experiments  with  bubbles  of  nearly 
pure  (99.9%)  nitrogen  held  beneath  the  surface  of  well-aerated  water,  showed 
that  there  was  a  slight  initial  increase  in  volume.  This  increase  in  size  is  due 
to  the  fact  that  although  equilibrium  is  restored  by  nitrogen  diffusing  out 
and  oxygen  diffusing  in,  there  is  nevertheless  a  net  gain  in  the  volume  of 
the  gas  because  more  oxygen  diffuses  in  than  nitrogen  diffuses  out  owing 
to  the  relative  insolubility  of  the  latter  gas.  It  seems  reasonable  to  suppose 
that  an  effect  of  this  kind  contributes  to  some  extent,  though  perhaps  only 
slightly,  to  the  growth  of  the  Oxycera  bubble.  Each  increment  of  gas  added 
to  this  bubble  will  contain  carbon  dioxide,  nitrogen  and  oxygen;  and  it 


(Keister  and  Buck,  1949),  the  moulting  fluid  is  withdrawn  and  the  tracheae  filled 
with  gas  whether  the  larvae  be  in  water,  mineral  oil,  or  in  an  atmosphere  of  97.7% 
carbon  dioxide.  The  nature  of  the  gas  is  not  known.  Partly  because  of  the  speed  of 
filling,  it  has  been  suggested  that  the  gas  is  oxygen  produced  by  the  catalase-hydrogen 
peroxide  reaction.  The  gas  produced  by  the  embryo  may  even  exceed  the  capacity 
of  the  tracheae.  After  all  tracheae  are  filled  in  the  silkworm  embryo,  some  bubbles 
of  gas  are  given  off  through  the  spiracles  of  the  eighth  abdominal  segment  (Nagata, 

1951). 
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seems  safe  to  assume  that  the  initial  proportion  of  oxygen  to  nitrogen  will 
be  below  21  :  78  if  for  no  other  reason  than  that  the  oxygen  in  the  tracheae 
is  being  continuously  consumed  but  no  utilization  of  the  nitrogen  occurs. 

When  the  larvae  were  kept  for  prolonged  periods  in  well-aerated  water, 
it  was  noticed  that  after  a  time  they  generally  remained  on  the  bottom  of 
the  vials  and  the  size  of  their  bubble  was  slightly  reduced.  Whether  the 
bubble  is  actively  reduced,  or  whether  it  is  allowed  to  become  smaller  by 
not  actively  adding  nitrogen  to  it,  was  not  determined.  It  would  seem, 
however,  that  its  size  is  closely  controlled  by  the  larva.  As  already  mentioned, 
the  larva  kept  for  nineteen  days  used  a  bubble  from  the  seventh  to  the 
nineteenth  day  that  was  only  about  half  the  diameter  of  the  bubble  required 
to  float  it. 

(2)  Respiratory.  From  the  results  of  the  experiments  already  described, 
it  seems  that  the  oxygen  requirements  of  the  larva  can  be  largely  satisfied 
by  cutaneous  respiration.  Nevertheless,  larvae  kept  submerged  for  prolonged 
periods  in  well-aerated  water  will  keep  a  bubble  below  the  size  necessary 
to  float  them,  and  this  habit  demands  an  explanation.  Such  a  bubble  would 
appear  to  function  only  in  supplementing  the  oxygen  intake  through  the 
cuticle.  Its  very  constant  size  over  a  period  of  twelve  days  in  one  experiment 
suggests  the  possibility  that  it  was  automatically  kept  at  that  size  by  the 
physical  conditions  of  the  experiment.  In  this  experiment  the  vial  was  in 
the  upward  path  of  the  bubbles  from  the  compressed  air  lead.  Thus,  the 
water  about  the  vial  was  saturated  with  oxygen  and  nitrogen.  As  oxygen 
was  withdrawn  from  the  bubble  by  the  larva,  equilibrium  may  have  been 
restored  entirely  by  oxygen  diffusing  into  the  bubble,  since  nitrogen  could 
hardly  have  left  for  lack  of  a  tension  difference.  It  is,  of  course,  a  theoretical 
possibility  that  under  such  conditions  the  shrinking  type  of  physical  gill 
described  by  Ege  is  converted  into  a  permanent  physical  gill;  and  these 
conditions  may  sometimes  be  satisfied  in  nature  in  torrential  streams. 

In  water  not  saturated  with  oxygen,  Oxycera  larvae  not  only  produce 
a  bubble  of  air  that  functions  like  the  temporary  physical  gill  of  the 
Notonectidae,  Dytiscidae,  and  other  insects,  but  they  can,  in  the  manner 
already  described,  constantly  maintain  the  surface  area  of  the  bubble  by 
continually  pumping  a  mixture  of  gases,  chiefly  nitrogen,  into  it. 

It  should  be  noted  that  dipterous  larvae  are  descended  from  ancestors 
that  have  in  the  larval  stage  lost  the  closing  apparatus  of  the  spiracles,  and 
in  conformity  with  Dollo’s  generalization,  no  recent  dipterous  larvae  have 
re-evolved  such  an  apparatus.  The  Stratiomyidae  have  what  in  effect  is  a 
closing  apparatus  but  of  quite  a  different  kind  that  is  external  to  the  post¬ 
abdominal  spiracles.  So  far  as  I  am  aware,  no  other  dipterous  larvae  have 
such  an  apparatus,  and  none  that  I  have  tried  have  been  found  capable  of 
using  a  bubble  for  respiratory  and  hydrostatic  functions  in  the  manner 
described  for  the  aquatic  Satratiomyidae.  Terrestrial  Stratiomyidae  also 
have  a  posterior  respiratory  chamber  that  can  be  closed.  Experiments  with 
several  terrestrial  species  show  that  when  submerged  they  do  not  behave 
as  Oxycera.  When  immersed  in  unaerated  water,  some  will  survive  drowning 
for  five  days.  They  do  not  become  water-logged.  By  ceasing  to  move  when 
submerged,  the  oxygen  requirements  are  reduced  to  a  minimum,  and  survival 
is  presumably  due  chiefly  to  the  tidal  air  trapped  in  the  tracheae  plus  what 
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little  diffuses  through  the  body-wall  cuticle.  These  terrestrial  larvae  survive 
desiccation  for  very  much  longer  periods  than  Oxycera ,  which  also  attests 
to  their  more  impermeable  cuticle.  The  impermeability  of  the  cuticle  of  the 
terrestrial  species  is  probably  the  chief  reason  why  they  do  not  produce  a 
bubble. 

As  previously  stated,  the  anterior  pair  of  spiracles  is  functional.  This 
pair  of  spiracles  has  neither  a  closing  apparatus  nor  any  apparatus  external 
to  the  spiracles  that  would  fulfil  the  function  of  a  closing  apparatus.  The 
atrial  chambers  of  these  spiracles,  unlike  those  of  the  posterior  spiracles, 
are  felted  with  a  dense  network  of  very  fine  cuticular  processes.  These 
prevent  tidal  movements  of  air  in  and  out,  and  the  larva  may  be  squeezed 
with  considerable  force  without  liberating  a  bubble  of  air.  In  other  words, 
as  stated  in  a  previous  section,  the  felt  chambers  restrict  passage  of  gases 
to  a  diffusion  process.  For  instance,  if  the  large  larva  of  Tipula  lateralis 
Meig.  be  squeezed  beneath  water  even  to  the  point  of  rupturing  the  body 
wall,  no  bubble  of  air  is  liberated  by  the  relatively  enormous  postabdominal 
spiracles,  which  have  very  well-developed  felt  chambers. 

I  do  not  believe  that  attention  has  previously  been  drawn  to  the  fact  that 
spiracles  that  have  well-developed  felt  chambers  have  lost  the  closing 
apparatus,  a  correlation  that  would  appear  to  be  due  to  the  fact  that  a  well- 
developed  felt  chamber  reduces  the  selective  value  of  the  closing  apparatus 
to  relative  insignificance. 
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